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Abstract: Raman spectroscopy probes the chemical composition of biological samples with
sub-micron resolution, rendering it a powerful tool in the diagnosis of several diseases and the
study unstained biological samples. However, the weak Raman signal leads to long acquisition
times, unsuited to study dynamical processes or large samples. Quantitative phase microscopy can
speed up the diagnosis, provide complementary data, and potentially link the Raman fingerprint
of the sample with corresponding refractive indices. Here we demonstrate a 4pi microscope that
records both the Raman and quantitative phase information from the same sample spot.
© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction
Illnesses can present themselves in many different forms. Changes in the morphology, chemical
composition and biophysical parameters, such as matter density and cell dry mass, provide
different windows through which the illnesses can be understood and diagnosed [1–5].
The chemical composition of the sample can be probed by Raman spectroscopy in a noninvasive
way and without the need of extrinsic labels. In the biomedical field, Raman spectroscopy has
already been employed to diagnose cancer [1,2], monitor blood glucose [3], differentiate cell
lines [4] and sub-compartments [6], and many other applications.
To monitor morphology and biophysical parameters, Quantitative Phase Microscopy (QPM)
can be employed. It has been used in the diagnosis of cancer [5] and in cell pathology studies
[7–10].
These two techniques, Raman andQPM, have been used before to complement othermicroscopy
techniques, for instance, Raman spectroscopy has been combined with fluorescence microscopy
[11] and optical coherence tomography [12]. They have also been combined together. In [13,14]
QPM preselects red blood cells potentially infected by malaria to be carefully examined with
Raman spectroscopy. A typical diagnosis would be based on a slow Raman scan across the
whole sample, but using full-field QPM makes the diagnosis orders of magnitude faster while
maintaining the necessary specificity to diagnose malaria. In [15] the authors make an extended
study of the relationship between ultraviolet exposure and skin cancer using both modalities,
QPM and Raman spectroscopy.
In the aforementioned works a completely different setup for each modality was used [15],
a different optical path [13,14] or even a different wavelength [16,17]. This explains the need
for algorithms to match the different magnifications, field of views, translations, rotations and
dispersion effects of both images. Moreover, different aberrations and resolutions are completely
disregarded.
In this paper we propose a microscope with two complementary modalities —Raman and
Quantitative Phase Microscopy— to study cell processes from two different points of view
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simultaneously. It uses a common-path point-scanning approach for both modalities where
the same laser beam serves two purposes: Raman pump and probe for the quantitative phase
measurement. Consequently, we obtain an inherent match between data sets. The aberrations
and resolution are the same, and the data are taken from the exact same sample spot without the
need of any post-processing to match both images.
Importantly, the quantitative phase obtained is free of any phase wrapping constraints in a
dynamic range of more than 200 radians while being compatible with the Raman modality of the
microscope. This microscope allows correlating the Raman and quantitative phase information
[16] from the same spot of a HeLa cell, which has the potential to become a new tool in the
diagnosis of disease.
2. Experimental setup and methods
The microscope is based on two counter-propagating beams, focused on the same spot by two
objective lenses. This configuration is also known as 4pi microscopy, and we used it previously for
4pi Raman experiments in [18]. The point spread function of the microscope was characterized
in [19], yielding a main lobe of 230 nm full-width-half-maximum.
Figure 1 shows the optical scheme of the quantitative phase and Ramanmicroscope. The Raman
signal, collected by a 100 µm core-diameter multimode fiber, is measured by a spectrometer
(UHTS 300 with a −70 ◦C cooled CCD camera, ANDOR iDus 401 BR-DD and a grating with
300 grooves/mm), and the phase signal by a photodetector (Thorlabs SM1PD1A). The beam
from a single-mode 785 nm laser diode (Toptica XTRA II) is split into two paths. One path is
connected to the top part of a Raman microscope (WITec alpha300 upgraded to add inverted
access), and the other to the bottom thereof. The total laser power measured after the coupling
into a monomode polarization maintaining fiber is 260 mW.
The counter-propagating beams interfere at the sample plane forming a 4pi point spread
function and acting as the Raman pump. The transmitted beam through the sample and a
partial reflection from the bottom beam, both indicated by red arrows, undergo a phase shift
φT and φR, respectively. The sample introduces an additional optical length φsample present in
the photodetector signal cos (φT + φsample − φR − φf) will be defined later. The isolator in the
interferometer filters out the transmitter beam from bottom to top, and the reflection from the top
beam at the partial reflector. This results in a simpler two-beam interferogram instead of having
to consider four beams.
Different objective lenses were used in the top (Zeiss, Water immersion Plan-Apochromat
M27 63x/1.0NA) and bottom (Nikon, Plan Fluor DIC 20x0.5NA) sides of the sample. Ideally
the same high NA objectives would be used on both sides to get the smallest PSF possible. Here
we use a lower NA on the bottom side for two main practical reasons. First, a lower NA yields a
larger focal volume and therefore it maintains a better alignment with the top objective when
subjected to thermal drifts of the stages. Second, its long working distance is needed to go
through relatively thick substrates, 120 µm of CaF2 in our case. The optical powers reaching the
back-aperture of the top and bottom objectives are 35 and 58 mW, respectively. The asymmetry
between arms is due to the 2.2 dB losses of the isolator in the interferometer, and it is partially
compensated by the different confocal volumes of the objectives.
Depending upon whether the Proportional-Integral-Derivative controller (PID) is turned on or
off we can have two functional regimes. When the PID is turned off the system is not stabilized,
i.e., the setup is on free-running mode. We use input channel 1 of the oscilloscope to directly
observe the signal from the photodetector. Following the model for the detector signal V = Of +
A · cos(φ) we can now calculate the voltage corresponding to any desired phase shift between
pump beams at the partial reflector plane. As the thermal phase fluctuations evolve and change φ
over a range bigger than pi, the amplitude value A of the cosine and the offset Of can be obtained.
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Fig. 1. Schematic of the Raman and quantitative phase microscope. The optical path
length of the transmitted beam and the partially reflected beam from the partial reflector
are indicated as φT and φR, respectively. The red solid arrows indicate the beams that will
interfere at the detector to produce the signal V = Of+A · cos (φT + φsample − φR − φf) that
depends on the phase shift between top and bottom pump beams, including the influence of
the sample φsample and phase shifter φf. The Raman spectra are obtained by the spectrometer
and the quantitative phase by the detector connected to a feedback loop.
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any post-processing to match both images.
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Fig. 1. Schematic of the Raman and quantitative phase microscope. The optical path
length of the transmitted beam and the partially reflected beam from the partial reflector
are indicated a φT and φR, respectively. The red solid arrows indicate the beams that will
interfere at the detector to produce the signal V = Of+A · cos (φT + φsample − φR − φf) that
depends on the phase shift between transmitted and reflected pump beams, including the
influence of the sample φsample and phase shifter φf. The Raman spectra are obtained by the
spectrometer and the quantitative phase by the detector connected to a feedback loop.
We can speed up this process by forcing some phase noise into the system through the phase
shifter (translation stage).
For the stable regime the PID is turned on. We then set the appropriate PID parameters
(proportional, integral and derivative gains, and internal setpoint) to stabilize the system at the
chosen voltage. For the following calibration experiments the specific voltage (phase) value is not
relevant as long as the system can be stabilized, but it will be relevant for the experiments with
cells shown later. The role of the PID is to drive the phase shifter in such a way that its input, the
detector signal, is kept fixed at the desired voltage, and it does so by driving the translation stage,
referenced to as phase shifter, that moves one of the collimating lenses to change the optical
length in one of the interferometer arms.
It is noteworthy that we do not access the phase shift induced by the sample in a conventional
way, relying n the cosine term f an interferogram. Any change of the phase shift at the sample
plane can be traced back in the f rm of the v ltage U driving the phase shifter, corresponding to
a phase shift referred to as φf. Once the environme tal phase noise is averaged out, the driving
voltage U is directly proportional to φsample as the PID ensures that any change on φsample will
be compensated by changing φf. There is no sinusoidal term involved in the measurement and,
he ce, the phase values obtained in this manner are unaffected by phase wrapping.
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To isolate φsample from the detector signal we currently have to remove the environmental
low-frequency phase noise in the system by taking 25 measurements and averaging them, which
sets the phase scan time.
In this proof of principle experiment the speed of a single phase line-scan is limited by the
speed at which the software is able to communicate with the piezo stage used to scan the sample.
It currently takes 40 seconds to acquire the 70-point scans of biological samples shown later in
Fig. 3. Connecting a ramp generator directly to the piezo stage would spare the communication
with the controller and, therefore, it would increase the measurement speed.
The quantitative phase, as well as the Raman molecular fingerprints, are measured in a confocal
manner. This confocality in the QPM modality, although key to obtaining the advantages
described above, comes at the price of losing its conventional full-field capability.
The polarization of both arms of the interferometer must be the same to obtain coherent
interference at the sample plane. The laser output is linearly polarized, and it is kept so by using
polarization maintaining fibers. A half wave plate present in the top part of the microscope turret
rotates the linear polarization of the top beam in order to match the bottom beam.
We currently obtain the Raman and the quantitative phase in subsequent scans. A completely
simultaneous scan of both modalities is hindered by the phase noise in the fibers induced by
environmental fluctuations [20]. The optical fibers play the role of the pinhole, as part of the
confocal microscope, but they are not strictly necessary. They connect the interferometer with
the commercial microscope turret, but it could be possible to substitute them by actual pinholes
and enclose all the setup inside the same turret or microscope stand. Thus, an approach to speed
up the measurements would be to remove the source of phase noise, the fibers, leading to truly
simultaneous Raman and QPM of the same spot of the sample.
The phase shifts measured by the phase modality are quantitative only after a pre-calibration
step. In Fig. 2 the results of this calibration step are shown. Figure 2(a) shows a visible top-view
image of the sample used, consisting of an ARP (electron beam resist) nanolayer on top of a 120
µmCaF2 substrate. We selected a Raman grade CaF2 because of its low fluorescence background.
The ARP was etched away after a lithographic process to open a window through which the
CaF2 substrate can be seen. In Fig. 2(b) the height of the ARP nanolayer was measured with a
profilometer (Dektak), yielding 200 ±1 nm.
While scanning the sample with our microscope we monitor the output voltage of the feedback
loop that drives the phase-shifter. In Fig. 2(b) we see that 0.18 V on the phase-shifter compensate
the phase shift induced by the ARP layer. The refractive index of ARP given by the manufacturer
is 1.56 at the laser wavelength. For the open window the reflection happens at the CaF2 interface.
However, the part covered with ARP has two interfaces, air-ARP and ARP-CaF2, leading to
interference effects that need to be considered. A transfer matrix calculation including these
effects yields an extra phase shift of 0.82λ, or equivalently 3.87 radians. This calculation assumes
normal incidence but a Finite-Difference Time-Domain simulation could be more precise by
considering the entire range of angles given by the objective lenses. In the worst case scenario,
for the highest incidence angle given by the objective lenses, we estimate a higher total phase
shift of 4.42 radians.
We conclude that a phase shift of 3.87 radians corresponds to a driving voltage of 0.18 V,
leading to the calibration coefficient 21.5 rad/V that we will use to obtain the quantitative phase.
Regarding the phase shift dynamic range, the limiting factor is given by the 10 V range of the
feedback electronics output, so given the previous coefficient it results in more than 200 rad as
long as the phase gradient of the sample are smooth and no steps bigger than 2pi are present.
Research Article Vol. 2, No. 3 / 15 March 2019 /OSA Continuum 801
CaF2 ARP
10 μm
−4 −2 0 2 4
0
100
200
300
x [μm]
H
ei
gh
t
[n
m
]
0.1
0.2
0.3
0.4
0.5
V
ol
ta
ge
[V
]
Height profile
PID output
0
π
2π
P
h
as
e
sh
if
t
[r
ad
]
a)
b)
Fig. 2. Phase calibration experiment using an ARP nanolayer on top of a 120 µm CaF2
substrate. Part of the ARP was lithographically removed to access the CaF2 directly. a)
Visible image. b) Nanolayer height obtained with a profilometer and PID output voltage,
which is proportional to the phase shift induced by the sample. These data are obtained from
the part of the sample indicated in a) with a black line.
3. HeLa cell experiment
The results of the Raman and quantitative phase line scans of a fixed HeLa cell are shown in
Fig. 3. The cells were fixed for 10 min with 4% formaldehyde (4078-9001, Klinipath) and washed
3 times with HBSS solution (14025050, ThermoFisher). The commercial microscope turret
allows us to easily remove the top dichroic filter and to choose a different optical path to work as
a bright-field microscope (white light source and camera not shown on the schematic of Fig. 1).
In order to have a visual aid, a bright-field image of the cell was taken right before the scans on
the right side of the figure. A Raman spectrum from the nucleus of the cell is shown below the
visible image. This spectrum is selected from all the full Raman spectra taken for the scans. The
exact spot from which it was obtained is indicated with a blue cross in the bright field image and
in the corresponding scan. The 784 cm−1 peak corresponds to a DNA band and is chosen for the
Raman scans shown on the right side of the figure.
For both modalities, Raman and quantitative phase, we took 70 measurements while scanning
the sample in the x direction, where each Raman spectrum took 6 seconds to be acquired. Using
the calibration factor obtained with the ARP sample we additionally obtained the quantitative
phase shift induced by different parts of the HeLa cell. The maximum value of pi/2 radians is in
agreement with the literature [21,22], which is in the order of a few radians for this kind of cells.
The first scan labeled a focuses on the substrate and a barely visible particle (indicated with an
arrow) of 1.3 µm diameter, giving an idea of the microscope sensitivity. Although the particle
is masked by the noise in the entire Raman spectrum, a significant bump is detected by the
quantitative phase modality.
Two more line scans, b and c, are shown, one of them going through part of the HeLa cell
with cytoplasm and small organelles, and the other mostly going through the nucleus. In general,
it can be seen that both modalities show a high degree of correlation. This is expected as the
presence of a higher number of cell molecules leads to a signal increase in both cases.
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Fig. 3. Raman and quantitative phase scans of a fixed HeLa cell. On the left, bright-field
image and a Raman spectrum of the cell where the peak of interest at 784 cm−1 is indicated
with a cross. On the right, Raman and quantitative phase scans of three different spots of the
sample indicated with dashed lines on the visible image. The presence of a small particle in
the fist scan a is highlighted with an arrow. The evolution of the Raman fingerprint in the
horizontal direction x, namely the peak at 784 cm−1, is plotted in black. The corresponding
Raman counts per second are indicated on the left vertical axis. The quantitative phase of
the respective scans is indicated with dashed red curves and are linked to the vertical axis on
the right.
Some parts of the scans show differences between the Raman and phase curves, mostly visible
at the edge of the cell. The most clear difference, marked with an ellipse, lies on the scan b
around x = 4µm and we suspect it is due to edge effects that need further investigation.
Scan c shows a slightly more intense Raman signal compared to scan b, expected from the
DNA Raman band analyzed. However, the setup in its current state is prone to stage thermal
drifts between scans, which can affect the intensities of the different scans. We realigned the
objective lenses at the beginning of scans a, b and c in order to reduce them. This realignment
could be avoided enclosing all the optical components inside the same microscope turret, which
would improve the thermal isolation of the setup. The quantitative phase scan is more robust
against the misalignment because the substrate is reset as the 0 rad reference for every scan.
Looking at the visible image, there is a small part of cytoplasm at the beginning of scan c
before it reaches the nucleus of the cell. The quantitative phase information does not show a clear
difference between both parts. Conversely, the Raman signal at the selected peak is higher at the
cytoplasm part, which can be used to separate both contributions and shows how both modalities
can complement each other in a practical application.
When the data show a high degree of correlation between modalities, using QPM suffices to
diagnose a given disease. Under this condition, using only QPM could potentially speed up the
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process since the Raman measurements pose the speed limiting factor. In the opposite case the
uncorrelated data show that different molecules within the sample have different refractive indices.
In cell studies this will allow estimating the refractive index of the different sub-components
from a Raman measurement.
4. Conclusion
Raman microscopy is a powerful tool in the diagnosis of several diseases and, more in general, to
study unstained biological samples. Despite its potential, the slow acquisition of data hinders its
applicability in the study of dynamical processes or large sample areas. Here we discussed how a
quick quantitative phase microscopy can speed up, substitute or complement the slow molecular
Raman imaging process.
In its current state the speed of the QPM modality is limited by the thermal phase fluctuations
that need to be averaged out with several scans of the same spots and the communication with
the scanning piezo stage. Both are solvable issues. Enclosing all the optics inside the same
microscope turret in a compact way could potentially render the phase stabilization unnecessary,
although a phase shifter would still be necessary to adjust the phase shift between beams at the
sample plane. Regarding the communication with the scanning piezo stage, a ramp generator
could be directly connected to it, instead of slowly communicating through a PC. Implementing
these setup modifications would mean the QPM speed would only be limited by the sensitivity
and speed of the photodetector, potentially reaching speeds for scans like the ones presented here
in the order of 100 milliseconds or less instead of the current ∼17 minutes.
Moreover, the quantitative phase modality of the proposed microscope is unconventional
because it does not rely on the measurement of the sinusoidal term of an interferogram. Therefore,
it does not suffer from phase-wrapping issues and does not require to unwrap the phase in
a post-processing algorithm. The phase shift of the sample is directly proportional to the
experimental observable, i.e. the feedback voltage, over a 200 radians dynamic range.
The method could also be used to study the correlation between composition of inner structures
within living organisms and their refractive index.
To conclude, we demonstrated that the 4pi quantitative phase and Raman microscope discussed
in this work offers several advantages compared to previous studies in terms of resolution and,
most importantly, in terms of the inherent alignment between modalities.
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